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Summary
Shh signaling induces proliferation of many cell types
during development and disease, but how Gli tran-
scription factors regulate these mitogenic responses
remains unclear. By genetically altering levels of Gli
activator and repressor functions in mice, we have
demonstrated that both Gli functions are involved in
the transcriptional control of N-myc and Cyclin D2
during embryonic hair follicle development. Our re-
sults also indicate that additional Gli-activator-depen-
dent functions are required for robust mitogenic re-
sponses in regions of high Shh signaling. Through
posttranscriptional mechanisms, including inhibition
of GSK3- activity, Shh signaling leads to spatially
restricted accumulation of N-myc and coordinated
cell cycle progression. Furthermore, a temporal shift
in the regulation of GSK3- activity occurs during em-
bryonic hair follicle development, resulting in a syn-
ergy with -catenin signaling to promote coordinated
proliferation. These findings demonstrate that Shh
signaling controls the rapid and patterned expansion
of epithelial progenitors through convergent Gli-medi-
ated regulation.
Introduction
The Hedgehog (Hh) family of signaling proteins play
central roles driving many developmental programs
from fly to humans, whereas deregulated Hh signaling
results in a variety of congenital malformations and*Correspondence: cchui@sickkids.ca
6 Present address: MRC Human Genetics Unit, Western General
Hospital, Edinburgh EH4 2XU, United Kingdom.cancers (McMahon et al., 2003). Given the importance
of this pathway, there is considerable interest in under-
standing how Hh signals are interpreted by a target cell
to yield an appropriate response. In Drosophila, activa-
tion and repression of Hh target genes is mediated by
a single Gli zinc finger transcription factor, Cubitus in-
terruptus (Ci) (Méthot and Basler, 1999). In the absence
of Hh signaling, Ci is proteolytically processed into a
N-terminal repressor form, which translocates to the
nucleus to silence target gene expression (Aza-Blanc
et al., 1997). Hh signals trigger a series of events that
prevent proteolysis of Ci into a repressor form and pro-
motes Ci-mediated target gene induction (Aza-Blanc et
al., 1997; Lum and Beachy, 2004; Méthot and Basler,
1999, 2001; Zhang et al., 2005).
In vertebrates, three Gli proteins, Gli1, Gli2, and Gli3,
are involved in transcriptional control of Hh target
genes. Mutant mouse analysis has revealed that Gli1
and Gli2 function primarily as activators, while Gli3 acts
mainly as a repressor (Bai et al., 2002; Mo et al., 1997;
Park et al., 2000). During embryogenesis, Gli2 and Gli3
perform most of the essential Gli activator and repres-
sor functions, respectively, whereas Gli1 is dispensable
for development (Bai and Joyner, 2001; Bai et al., 2002;
Ding et al., 1998; Motoyama et al., 1998; Park et al.,
2000). However, some overlap in Gli functions exists, as
Gli1;Gli2 and Gli2;Gli3 compound mutants exhibit more
severe phenotypes than single mutants (Buttitta et al.,
2003; Mo et al., 1997; Motoyama et al., 1998; Park et
al., 2000). In several developmental systems, including
the neural tube (Litingtung and Chiang, 2000; Persson
et al., 2002; Wijgerde et al., 2002), face and forebrain
(Aoto et al., 2002; Rallu et al., 2002), and limb (Liting-
tung et al., 2002; te Welscher et al., 2002), there is a
dramatic rescue of Shh mutant phenotypes in Shh;Gli3
mutants when Gli3 repressor function is removed, sug-
gesting that a role for Shh signaling is also to limit the
repressor function of Gli3. The current model is that
summation of Gli activator and repressor functions
within a target cell ultimately determines the transcrip-
tional output of Hh target genes.
Shh signaling is one of several molecular cues direct-
ing the highly orchestrated series of growth and mor-
phogenetic events during embryonic hair follicle devel-
opment that are again redeployed during the adult hair
cycle (Fuchs et al., 2001). Shh is required for prolifera-
tive responses in both embryonic and adult skin, where
it is expressed in distal tips of the follicular epithelium
and promotes downgrowth of hair follicles. Shh also
plays a regulatory role in the adult hair cycle, where the
transition from telogen (resting phase) to anagen can
be triggered or blocked, using Shh agonists or antago-
nists, respectively (Sato et al., 1999; Wang et al.,
2000b). Embryonic hair follicle development is arrested
soon after induction when Shh signaling is genetically
interrupted (Chiang et al., 1999; Mill et al., 2003; St-
Jacques et al., 1998). Hyperactivation of the Shh path-
way is implicated in a variety of hair follicle tumors,
including basal cell carcinomas (BCCs), while Shh over-
expression in embryonic epidermis results in disorga-
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11997). We have previously demonstrated that Gli2 is the
Gmajor mediator of Shh signaling in embryonic skin,
cwhere it activates proliferative responses in epithelial
shair germs necessary for hair follicle development. This
meffect is mediated in part through induction of D-type
Ecyclin transcription by Gli2 activator function (Mill et al.,
d2003). However, the role of Gli repressor function in hair
Ifollicle development, if any, is not known, as Gli3 mu-
utant mice do not exhibit apparent skin phenotypes.
tIn this study, we show that, by modulating both Gli
mactivator and repressor functions, Shh drives prolifera-
Ction of the embryonic epidermis through transcriptional
tand posttranscriptional control of G1 cell cycle regula-
itors. Removal of Gli3 alleviates the developmental ar-
Erest of Shh−/− follicles in Shh;Gli3 mutants, indicating
hthat excess Gli3 repressor function contributes to the
nShh mutant skin phenotype. We demonstrate a striking
hderepression of CyclinD2 and Nmyc1 (hereafter N-myc)
htranscription accompanying a partial rescue of follicular
Wkeratinocyte proliferation in Shh;Gli3 mutant skin. Im-
uportantly, besides this transcriptional control of cell
iproliferation, additional Gli activator-specific functions
Pare required for efficient cell cycle progression. Our re-
esults suggest that these Shh-dependent Gli activator
ofunctions involve N-myc protein stabilization and GSK3β
tinactivation in the follicular epithelium. A stage-depen-
sdent crosstalk between Shh and Wnt/β-catenin signal-
cing in epidermal proliferation is also described. Through
smultiple levels of cell cycle control, Shh signaling pro-
tgrams spatial and temporal regulation of epidermal cell
tproliferation required for embryonic hair follicle devel-
popment.
i
dResults
DExcess Gli3 Repressor Function Contributes ito Shh−/− Skin Defects
G
To investigate the role of Gli3 repressor function in em- s
bryonic skin, we analyzed hair follicle development in G
E13.5–E18.5 Shh;Gli3 mutants. Whole-mount ISH analysis G
of Keratin17 (K17), an early marker of epidermal ap- t
pendage development (McGowan and Coulombe, 1998), (
revealed a reduction in the number and developmental 1
delay of hair follicles in E14.5 Shh−/− skin (Figures 1A, c
1F, and 1P; St-Jacques et al., 1998). When compared d
with wild-type littermates (Figures 1B–1E), Shh−/− skin G
develops smaller epidermal placodes, lacking expres- w
sion of Hh target genes, including Ptc1 and Gli1 (Fig- s
ures 1G–1J). In Shh;Gli3 mutants, removal of Gli3 re- C
sults in a dose-dependent increase in the number of s
hair follicles (Figures 1K and 1P). Importantly, reducing u
Gli repressor levels permits early Shh−/−;Gli3−/− follicles S
to develop further and exhibit low Ptc1 expression (Fig- d
ures 1L–1O and 1Q). However, loss of Gli3 repressor is s
insufficient to fully rescue later stages of hair follicle i
morphogenesis; despite a shift to more advanced and c
larger hair follicles, E18.5 Shh−/−;Gli3−/− follicles still ar- c
rest prematurely (Figure 1Q; see Supplemental Figure w
S1 available with this article online). u
Next, we investigated whether Gli3 repressor func- s
tion plays a negative role during the initial induction or o
slater maintenance of a follicle fate. While Shh is notequired for hair follicle induction (St-Jacques et al.,
998; Chiang et al., 1999), we found that E14.5 Shh−/−;
li3−/− follicles are significantly larger than their Shh−/−
ounterparts and show clear Bmp4 and Lef1 expres-
ion in the dermal papillae, which is not observed in the
ajority of Shh−/− follicles (Figures S1A–S1M). By
18.5, the partial rescue of Shh−/−;Gli3−/− hair follicle
evelopment is more pronounced (Figures S1N–S1P).
nterestingly, the expression of K17, which is downreg-
lated in the interfollicular epidermis (IFE) in both wild-
ype and Shh−/− skin, remains elevated in Shh−/−;Gli3−/−
utants (Figures S1Q–S1S, arrowheads; McGowan and
oulombe, 1998). To determine if the distinction be-
ween interfollicular and follicular fates is affected
n Shh−/−;Gli3−/− skin, we analyzed the expression of
-cadherin and P-cadherin (Figures S1T–S1Y). During
air follicle development, the change in plane of kerati-
ocyte stem cell division to form a downward growing
air follicle coincides with the transition from E-cad-
erin to P-cadherin expression (Jamora et al., 2003).
hile Shh−/−;Gli3−/− follicles do not show the late
pregulation of E-cadherin expression normally found
n matrix cells of mature follicles (Figures S1T and S1X),
-cadherin expression is still restricted to the follicular
pithelium (Figures S1U and S1Y), suggesting that the
verall follicular/interfollicular boundaries are not al-
ered in Shh−/−;Gli3−/− skin. Moreover, Shh−/−;Gli3−/−
kin does not exhibit any gross differences in keratino-
yte differentiation and apoptosis (Figure S2). These re-
ults suggest that excess Gli3 repressor contributes to
he developmental delay of Shh mutant follicles and
hat removal of Gli3 repressor in Shh−/− skin might ex-
and an immature epidermal population without alter-
ng follicular/interfollicular boundaries or keratinocyte
ifferentiation.
erepression of CyclinD Expression
n Shh;Gli3 Mutants
iven that Shh signaling promotes mitogenic re-
ponses in skin, the larger follicles observed in Shh−/−;
li3−/− mutants suggest an antiproliferative function for
li3 in the absence of Shh. Both Shh−/− and Gli2−/− mu-
ant skin display profound defects in cell proliferation
Chiang et al., 1999; Mill et al., 2003; St-Jacques et al.,
998). Affecting primarily the follicular epithelium, the
ell cycle arrest in these mutants is partly due to re-
uced expression of D-type cyclins in the absence of
li activator function (Mill et al., 2003). To determine
hether Gli3 repressor also regulates mitogenic re-
ponses in embryonic hair follicles, we examined
yclinD1 and CyclinD2 expression in Shh;Gli3 mutant
kin (Figure 2). Increased expression of CyclinD1 (Fig-
res 2A–2D) was detected by removing Gli3 function in
hh mutant skin, while a more striking dose-dependent
erepression of CyclinD2 expression was also ob-
erved (Figures 2E–2H). Despite substantial alterations
n these transcriptional profiles between mutant folli-
les, only a small, but significant, increase in BrdU in-
orporation was observed in Shh−/−;Gli3−/− follicles,
ith a proliferative index less than half of wild-type (Fig-
res 2I–2M, p < 0.005). Thus, in the absence of Shh
ignal, Gli3 repressor restricts proliferation of embry-
nic hair follicles, in part through inhibiting the expres-
ion of D-type cyclins.
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295Figure 1. Excess Gli3 Contributes to Follicle Arrest of Shh Mutants
(A, F, and K) K17 whole-mount ISH of E14.5 pelage follicles.
(B, G, and L) Hematoxylin and eosin staining of E15.5 dorsal skin. Mutant follicles are developmentally delayed compared to wild-type
littermates, but epidermal placodes and mesenchymal condensates are visible. Scale bar equals 50 m.
(C, H, and M) Proliferative marker Ki67 (green), basal marker K14 (red), and nuclei (blue) expression in E15.5 dorsal skin.
(D, E, I, J, N, and O) Expression of Hh-target genes Ptc1 and Gli1 in E15.5 dorsal skin. No expression can be detected in Shh−/− follicles
(arrowhead), but Ptc1 expression is derepressed in Shh−/−;Gli3−/− mutants.
(P) The number of dorsal hair follicles per unit length is restored in E14.5 ShhGli3 mutants (asterisk: significance relative to Shh mutants, p <
0.005). Graph represents number of developing hair follicles per 7.5 mm of dorsal skin at E14.5 (n = 4 embryos/genotype, 5 sections/genotype).
(Q) Although still arrested at a hair peg stage, analysis of E18.5 hair follicles reveals a subtle shift of Shh;Gli3 mutant follicles toward more
advanced characteristics compared to Shh mutants.N-myc Expression in the Embryonic Epidermis
Is Shh Dependent
During cerebellar development and tumorigenesis, an
important mechanism for Shh-mediated mitogenic re-
sponses is the direct activation of N-myc expression,
which contributes to the subsequent induction of
D-type cyclins (Kenney et al., 2003; Oliver et al., 2003).
N-myc and c-myc are both expressed in developing
skin (see Figure S3), where c-myc has been shown to
be a key determinant in epidermal homeostasis (Arnold
and Watt, 2001; Frye et al., 2003; Pelengaris et al., 1999;
Waikel et al., 2001). To address whether Shh is involved
in the regulation of Myc transcription factors in embry-
onic skin, we analyzed expression of N-myc and c-myc
throughout epidermal development in various mutant
backgrounds.
From the onset of hair follicle induction in wild-type
skin, N-myc is induced and maintained in a temporal
and spatial pattern coinciding with Shh expression,
whereas c-myc expression is initially excluded from de-
veloping follicles until late gestation. Importantly, in
Shh−/− epidermis, although c-myc is still highly ex-
pressed, N-myc expression is undetectable, indicating
that epidermal expression of N-myc is Shh dependent(Figures 3A, 3B, 3F, and 3G). A dose-dependent dere-
pression of N-myc expression was observed in Shh;
Gli3 mutants when Gli3 repressor is removed, reminis-
cent of changes in CyclinD2 expression (Figures 3F–3I).
However, overexpression of a constitutively active form
of Gli2 (NGli2) could only partly overcome Gli-medi-
ated repression of myc genes in Shh−/− epidermis, with
low-level induction of N-myc expression observed in
K5-Cre;Z/APDNGli2;Shh−/− follicles (Figure 3J). Further-
more, suprabasal c-myc expression can be ectopically
detected in K5Cre;Z/APDNGli2;Shh−/− epidermis (Fig-
ures 3A–3E). Similar to neuronal precursors, Shh ap-
pears to promote proliferation of epidermal progenitor
cells through transcriptional activation of N-myc and
c-myc, where importantly, this transcriptional regula-
tion seems to be governed by a balance of Gli activator
and repressor functions.
Shh-Dependent Gli-Activator Function Is Required
for N-myc Protein Stabilization and Cell
Cycle Progression
Despite robust expression of D-type cyclins and N-myc,
Shh−/−;Gli3−/− follicles show only incremental improve-
ments over Shh−/− proliferative defects, as opposed to
Developmental Cell
296Figure 2. Gli3 Inhibits Expression of D-Type
Cyclins and Epidermal Proliferation in Shh
Mutant Skin
(A–L) Expression of CyclinD1 (A–D) and
CyclinD2 (E–H) and K14 (red)/BrdU (green)
staining (I–L) in E18.5 wild-type (A, E, I),
Shh−/− (B, F, J), Shh−/−;Gli3+/− (C, G, K), and
Shh−/−;Gli3−/− (D, H, L) skin.
(M) BrdU incorporation in E18.5 follicular epi-
thelium shows a dose-dependent increase
when Gli3 is removed from the Shh mutant
background (p < 0.0005). Scale bar equals
50 m.the more dramatic development observed in K5Cre;Z/ S
GAPDNGli2;Shh−/− mutants. Myc proteins promote cell
cycle progression through a variety of mechanisms, in- s
3cluding induction of D-type cyclins and E2F transcrip-
tion factors (Eisenman, 2001). Consistent with their in- d
ntermediate proliferative status, Shh−/−; Gli3−/− follicles
do not express high levels of E2F activators, including w
cE2F1 (data not shown) and E2F2 (Figure 4C), and G2/
M regulator CyclinB1 (Figure 4G), whereas K5Cre;Z/ t
dAPDNGli2;Shh−/− follicles show a significant induction
of these late cell cycle regulators (Figures 4D and 4H m
tand data not shown) when compared with Shh−/− folli-
cles (Figures 4B and 4F). These results indicate that r
Scell cycle progression is still impaired in Shh−/−;Gli3−/−
follicles and suggest that unique Gli activator-specific 3
wfunctions are required to drive robust proliferative re-
sponses in embryonic skin. In addition to transcrip- b
ttional control, the activity of Myc transcription factors is
also regulated posttranscriptionally by protein turnover
(Salghetti et al., 1999; Kenney et al., 2004). S
GTo determine whether proliferative restrictions in
Shh−/−;Gli3−/− follicles are due to a posttranscriptional A
rcontrol of myc expression, we analyzed expression of
Myc proteins in E18.5 control and mutant skin (Figures c
(3A#–3K). In wild-type follicles, strong nuclear staining
of N-myc was found at the distal tips overlapping with ahh expression (Figure 3F#, insert). Although Shh−/−;
li3−/− follicles expressed high levels of N-myc tran-
cript comparable to wild-type follicles (Figures 3F and
I), no significant accumulation of N-myc protein was
etectable (Figure 3I#, insert, 50 dorsal follicles/sample,
= 4). Moreover, K5Cre;Z/APDNGli2;Shh−/− follicles,
hich expressed much lower levels of N-myc message,
onsistently exhibited high levels of nuclear N-myc pro-
ein expression. In contrast, c-myc protein was clearly
etected in the basal layers of IFE and hair germs in all
utant skin (Figures 4A#–4D# and 4K). Consistent with
his observation, Western analysis of whole dorsal skin
evealed very low levels of N-myc protein in Shh−/−,
hh−/−;Gli3+/−, as well as Shh−/−;Gli3−/− mutants (Figure
K). These results suggest that Gli activator function
as required to promote translation and/or nuclear sta-
ilization of N-myc protein, leading to robust prolifera-
ive responses in developing hair follicles.
hh-Dependent Gli Activator Function Promotes
SK3 Inactivation in Late Hair Follicles
series of phosphorylation events, including those
egulated by GSK3β, regulates Myc protein stability by
hanneling it into the ubiquitin-proteasome pathway
Gregory et al., 2003; Kenney et al., 2004; Salghetti et
l., 1999). To investigate whether GSK3β plays a regula-
Shh Controls Epithelial Proliferation via N-myc
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Developing Follicles
(A–J#) Expression of c-myc (A–E) and N-myc
(F–J) message and protein (A#–J#) in E18.5
dorsal skin. Gli3 repressor appears to have
minimal effect on c-myc expression (A–E), al-
though NGli2 induces ectopic c-myc ex-
pression in Shh mutant skin. c-myc protein
was detected in the basal layers and hair fol-
licles of all genotypes (A#–E#). While N-myc
mRNA expression is gradually restored to a
near wild-type level in Shh mutant follicles
when Gli3 function is removed (F–I), expres-
sion of constitutively active NGli2 only
slightly induces N-myc expression in Shh
mutant follicles (J). In contrast, accumulation
of nuclear N-myc protein expression is ob-
served only in wild-type and K5Cre;Z/APDN-
Gli2;Shh−/− follicles (blue arrowheads, F#–J#),
where Gli activator function is present. White
arrowheads show cross-reactive back-
ground signal. Scale bar equals 50 m.
(K) Western blot analysis of myc protein ex-
pression from E18.5 whole skin.Figure 4. Shh-Dependent Gli Activator Function Is Required for Ro-
bust Cell Cycle Progression
Robust expression of E2F2 (A–D) and CyclinB1 (E–H) in E18.5 hair
follicles requires Gli activator function(s). Arrowheads highlight mu-
tant follicles. Scale bar equals 50 m.tory role in Shh-dependent myc-mediated proliferative
responses in embryonic skin, we analyzed expression
of GSK3β in E18.5 wild-type and mutant hair follicles
(Figure 5). The activity of GSK3β is itself regulated by
phosphorylation; in response to a variety of growth sig-
nals, the ability of GSK3β to target substrates for deg-
radation is attenuated through phosphorylation of the
serine-9 residue (see Doble and Woodgett, 2003). The
levels of GSK3β (both active and inactive forms) were
not significantly altered in the epidermis of all mutants
examined (Figures 5A#–5F#). Using antibodies specific
for pSer9-GSK3β, we demonstrated that the extent of
active Shh signaling greatly influences levels of the in-
active form of GSK3β (pSer9-GSK3β) in the embryonic
skin (Figures 5A–5F). Although GSK3β protein could be
detected throughout embryonic epidermis (Figure 5A#),
the inactive form of GSK3β was detected oly at distal
tips of wild-type hair follicles where Shh is expressed
(Figure 5A). Importantly, levels of inactive GSK3β were
drastically reduced in Gli2−/− follicles (Figure 5B) and
undetectable in Shh−/− follicles (Figure 5C), suggesting
that Shh signaling promotes GSK3β inactivation mostly
through the action of Gli2. Gli3 repressor does not
seem to play a role in GSK3β inactivation, as inactive
GSK3β was not detected in Shh−/−;Gli3−/− skin (Figure
Developmental Cell
298Figure 5. Inactivation of GSK3β in Late Hair
Follicles Requires Shh-Dependent Gli Acti-
vator Function
pSer9-GSK3β (inactive GSK3β) (A–F) and to-
tal GSK3β (A#–F#) staining in E18.5 dorsal
skin. While total GSK3β staining is not al-
tered between mutants (A#–F#), high level of
inactive GSK3β observed at distal tips of
wild-type follicles (A, arrowhead) is reduced
in Gli2−/− mutants (B) and lost in Shh−/− mu-
tants (C). Without Shh-dependent activation
events, overexpressing Gli2 (D) or eliminat-
ing Gli3 repressor (F) is insufficient to yield
high level of inactive GSK3β. (E) Inactive
GSK3β is restored in hair follicles and in-
duced ectopically in basal epidermis by a
constitutive Gli activator (NGli2). Scale bar
equals 50 m.5F). In striking contrast, high levels of pSer9-GSK stain- u
Ging was found in the hair follicles as well as IFE of
K5Cre;Z/APDNGli2;Shh−/− skin, which displays consti- S
rtutive Gli activator function (Figure 5E). Since inactive
GSK3β was also not detected in K5Cre;Z/APGli2;Shh−/− G
pskin (Figure 5D), these observations clearly illustrate a
specific role for Shh-dependent Gli activator function in d
rGSK3β inactivation.
a
oSerine-9 Phosphorylation of GSK3 in Early Hair
Follicles Is Not Shh Dependent
The Drosophila GSK3 homolog Shaggy is required for S
proteolytic processing of full-length Ci to generate re-
pressor forms (Jia et al., 2002; Price and Kalderon, E
T2002). Although it remains to be determined whether
GSK3β plays an evolutionarily conserved role in verte- e
lbrates, observations that Shh-dependent Gli activator
functions promote GSK3β inactivation in late follicles s
fsuggest that this might serve as a positive-feedback
mechanism inhibiting Gli repressor generation in re- d
agions with active Shh signaling. This prompted us to
examine requirements for Shh signals in regulating d
eGSK3β activity in developing embryonic follicles at
earlier stages. Interestingly, in contrast to E18.5 follicles 2
n(Figure 5), pSer9-GSK3β staining was detected in E14.5
Shh−/− mutants in the stratifying epidermis and at the f
sinterface of the epidermal placode and condensing
mesenchyme of hair follicles (Figures 6A and 6C). In h
akeeping with the Shh−/− mutant developmental delay,
expression was comparable to wild-type follicles one m
day later (Figures 6A and 6C, insert). These results indi-
cate that GSK3β inactivation in earlier follicles is not G
tdependent on Shh signals. We surveyed inactive
GSK3β levels in wild-type and Shh−/− skin from E13.5 t
βto E18.5 to determine when this requirement for Shh
signaling changes (Figure S4). During follicle morpho- e
mgenesis, inactive GSK3β becomes gradually restricted
to distal tips of hair follicles, which undergo sustained P
brobust proliferation necessary for downgrowth. While
inactive GSK3β could be clearly detected in Shh−/− skin H
dfrom E13.5 to E15.5, levels became progressively re-
duced as development proceeded such that by E18.5, p
Cinactive GSK3β was no longer detectable in Shh−/− folli-
cles. Western analysis from E18.5 whole skins con- s
sfirmed a drastic reduction in pSer9-GSK3β levels (Fig-re S5). Together, these results indicate that from E16.5,
SK3β inactivation in the follicular epithelium becomes
hh dependent, highlighting differences in temporal
equirements for Shh signaling in the regulation of
SK3β activity. As GSK3β likely plays a positive role in
romoting Gli repressor formation, this Shh-indepen-
ent GSK3β inactivation in early follicles could be
equired to generate a permissive condition for the initi-
tion of active Shh signaling during hair follicle devel-
pment.
hh-Dependent Gli Activator Function Promotes
-Catenin Stabilization and Target Gene
xpression in Late Hair Follicles
he shift from Shh-independent GSK3β inactivation in
arly follicles to Shh-dependent GSK3β inactivation in
ate follicles likely reflects the involvement of distinct
ignaling pathways in proliferative control during dif-
erent stages of hair follicle development. Despite the
elay in induction, early Shh−/− follicles did not exhibit
significant proliferation defect (Figures 1C and 1H,
ata not shown). One of the key proliferation signals for
arly follicles is Wnt/β-catenin signaling (Andl et al.,
002; Huelsken et al., 2001). Consistent with Wnt/β-cate-
in signaling being robust in early follicles and not af-
ected by Shh signals, both E14.5 wild-type and Shh−/−
kin showed elevated β-catenin staining and expressed
igh levels of β-catenin target genes, including Lef1
nd CyclinD1, in both the epidermis and condensing
esenchyme (Figures 6E–6H, data not shown).
Since Shh-dependent Gli activator function promotes
SK3β inactivation in late follicles and GSK3β is an in-
egral component of Wnt/β-catenin signaling, we inves-
igated whether Shh could influence the extent of Wnt/
-catenin signaling in late follicles. Expression of sev-
ral canonical Wnt ligands were not altered in Shh−/−
utant skin (Reddy et al., 2001; St-Jacques et al., 1998;
.M. and C.-c.H., unpublished data), as were levels of
-catenin transcripts also unaffected (Figures 6I–6L).
owever, E18.5 Shh−/− follicles showed significant re-
uction of β-catenin protein levels with reduced ex-
ression of β-catenin target genes, including Lef1 and
yclinD1/2 (Figures 6J, 6J#, 6N, and 6N#, data not
hown). In K5Cre;Z/APDNGli2;Shh−/− follicles, where
ignificant levels of inactive GSK3β were found, accu-
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dependently of Shh in Early Hair Follicles
and Is Shh Dependent in Late Hair Follicles
(A and C) pSer9-GSK3β in E14.5 wild-type
and Shh mutant follicles. Due to the develop-
mental delay, the initially weak follicular
staining in Shh mutants becomes more pro-
nounced one day later at E15.5 (inset).
(B and D) Total GSK3β staining in E14.5 fol-
licles.
(E–H) Comparable expression levels and
patterns of follicularly enriched β-catenin
(green, DAPI blue nuclei) (E and G) and
β-catenin target genes Lef1 (F and H) are ob-
served in E14.5 epidermal wild-type and Shh
mutant placodes.
(I–P#) While the levels of β-catenin tran-
scripts are comparable among mutants (I–L),
there is increased intensity of follicular β-ca-
tenin staining (red, DAPI blue nuclei; [I#]–
[L#]), with increased expression of β-catenin
target genes, including Lef1 ([M]–[P], mRNA;
[M#]–[P#], protein), in late embryonic hair fol-
licles with Gli activator functions. Scale bars
equal 50 m.mulation of β-catenin and high level of Lef1 and
CyclinD1/2 expression were detected (Figures 6L#, 6P,
and 6P#, data not shown). These results illustrate a
stage-specific crosstalk between the Shh and Wnt/
β-catenin signaling pathways during hair follicle devel-
opment, suggesting that Shh can modulate Wnt/β-cate-
nin signaling in late follicles.
Discussion
Shh signaling is implicated in a variety of cellular pro-
cesses during development and disease, including cell
fate specification, proliferation, differentiation, and sur-
vival (McMahon et al., 2003). The embryonic epidermis
is ideal to dissect the mitogenic actions of Shh, since
disrupting Shh responses leads to a drastic reduction
of cell proliferation, without altering other aspects of
keratinocyte biology (St-Jacques et al., 1998; Chiang et
al., 1999; Mill et al., 2003). Given that abnormal activa-
tion of Shh signaling is sufficient to induce various bas-
aloid follicular tumors (Fan et al., 1997; Oro et al., 1997),understanding the mechanisms through which Shh in-
fluences cell cycle regulation is of central importance.
In this study, we provide genetic evidence demonstrat-
ing how Shh controls cell proliferation in the embryonic
epidermis at both transcriptional and posttranscrip-
tional levels.
Transcriptional and Posttranscriptional Cell Cycle
Control by Shh Signaling
We have previously shown that Gli2 is required for Shh
signaling primarily in the embryonic epidermis, where
its activator function is Shh dependent and promotes
transcription of D-type cyclins (Mill et al., 2003). Al-
though loss of Gli3 does not result in major defects dur-
ing embryonic hair follicle development, our analysis of
Shh;Gli3 mutant phenotype indicates that excess Gli3
repressor function contributes to the proliferation de-
fect of Shh−/− follicles. Several studies have revealed
the importance of Hh signaling in promoting expression
of G1 cell cycle regulators, linking abnormal activation
of these genes and faulty G control to tumorigenesis1
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a(Kenney et al., 2003; Oliver et al., 2003; Yoon et al.,
s2002). Our study has uncovered an additional role for
aGli3 in the negative regulation of cell proliferation
tthrough transcriptional repression of CyclinD2 and
hN-myc. As both CyclinD2 and N-myc are potential di-
2rect targets of Gli proteins (Kenney et al., 2003; Buttitta
pet al., 2003; Oliver et al., 2003; Yoon et al., 2002), our
bresults here reveal that their transcriptional status is
tgoverned by a balance between Gli activator and re-
cpressor, in response to the input of Shh signal.
tIn addition to Gli-mediated transcriptional regulation,
iour study illustrates that Shh also exerts posttranscrip-
ptional control on cell cycle progression (Figure 7). Be-
esides promoting expression of G1 regulators, additional
NShh-dependent Gli activator function(s) influence sta-
ebility and/or accumulation of these products through a
(posttranscriptional mechanism. In the absence of Shh
wsignals, high levels of Gli repressor will block cell prolif-
Neration by inhibiting transcription of G1 regulators. Shh
ssignals will relieve this transcriptional block by inhibit-
ding Gli repressor formation and promoting Gli activator
functions, including those required for target stabili-
zation. Such is the case of N-myc, where high-level S
Itranscription in Shh−/−;Gli3−/− mutants but absence of
Gli-activator function is insufficient to drive cell cycle C
Sprogression, as demonstrated by subsequent lack of
expression of late regulators, E2F2 and CyclinB1. Our t
rresults also suggest that inactivation of GSK3β may be
involved in the posttranscriptional regulation of N-myc G
sexpression.
How Shh-dependent Gli activator functions leads to f
dGSK3β inactivation in the embryonic epidermis remainst
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Figure 7. A Model for Gli-Mediated Shh Target Gene Expression
Controlling Proliferation during Hair Follicle Downgrowth
aShh signaling controls the balance of both Gli activator and repres-
esor functions to determine the transcriptional read-out of early cell
cycle regulators in the developing epidermis. However, robust pro- t
liferative responses involve additional Gli activator-dependent i
posttranscriptional mechanisms, including the inactivation of a
GSK3β. These Gli activator-dependent mechanisms allow for accu-
fmulation of labile regulators, such as N-myc, which promote cell
2cycle progression by driving expression of late cell cycle regula-
vtors, including E2F2 and CyclinB1.
po be determined. Inactivation of GSK3β through ser-
ne-9 phosphorylation occurs in response to several
rowth factors (see Doble and Woodgett, 2003), includ-
ng insulin growth factor (IGF) and platelet-derived
rowth factor (PDGF), which are themselves regulated
y Shh signaling (Louro et al., 2002; Xie et al., 2001).
urthermore, Kenney et al. (2004) have demonstrated
hat, through inactivation of GSK3β, IGF/PI3K signaling
otentiates Shh mitogenic effects in cultured cerebellar
eural precursors. These studies support our model
hat Shh-dependent Gli activator function promotes in-
ctivation of GSK3β through the induction of secondary
rowth signals in the follicular epithelium.
mportance of Myc Proteins
n the Embryonic Epidermis
tudies of Myc family members in epidermal develop-
ent have focused almost exclusively on c-myc. Overex-
ression of c-myc in both cultured human keratinocytes
nd epidermal stem cell compartment in transgenic mice
isrupts self-renewal and tissue homeostasis (Arnold
nd Watt, 2001; Gandarillas and Watt, 1997; Pelengaris
t al., 1999; Waikel et al., 2001). Little is known about
he role of N-myc in the epidermis, where its expression
s restricted to the distal tip of growing embryonic and
dult hair follicles. Given that N-myc and c-myc are
unctionally interchangeable in vivo (Malynn et al.,
000), their distinct patterns of expression in the de-
eloping skin suggest that they may regulate separate
rogenitor compartments. Further support for this
odel comes from conditional embryonic epidermal
blation of c-myc (using the same K5-Cre line as our
tudies), where postnatal mutant skin is hypoplastic
nd fragile, but hair follicles are formed with a propor-
ion of severely affected animals progressively losing
air, secondary to extensive skin lesions (Zanet et al.,
005). Importantly, c-myc function is required for hyper-
roliferative responses of the interfollicular epidermis
oth in vivo and in vitro, whereas steady-state prolifera-
ion is not significantly affected (Zanet et al., 2005). In
ontrast, our study demonstrates that robust prolifera-
ion of follicular epithelium is specifically compromised
n Shh−/− follicles, where N-myc expression is re-
ressed, whereas IFE proliferation, which continues to
xpress c-myc, is unaffected. Given the importance of
-myc function in rapid and regionalized expansion of
mbryonic progenitor compartments in the cerebellum
Knoepfler et al., 2002) and lung (Okubo et al., 2005), it
ill be important to investigate the functional role of
-myc in the follicular epithelium as well as the pos-
ible overlapping functions of N-myc and c-myc in epi-
ermal homeostasis.
hh Dependence of GSK3 Inactivation
s Stage Dependent
ell cycle control shifts with age toward an increasing
hh dependence in late stage hair follicles. In parallel
o the more pronounced severity of Shh−/− follicle ar-
est, we observed a stage-dependent loss of pSer9-
SK3β (inactive GSK3β) in hair follicles. During early
tages of induction, inactive GSK3β is detected in Shh−/−
ollicles, where proliferative defects are not pronounced
uring this Shh-independent phase of cell cycle regula-
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301tion. Wnt/β-catenin signaling is likely a key player of
cell cycle control, as ablation of Wnt responses in em-
bryonic skin disrupts the earliest stages of hair follicle
induction (Andl et al., 2002; Huelsken et al., 2001),
whereas ectopic Wnt activation is sufficient to trigger
de novo hair follicle formation, including ectopic Shh
expression (Gat et al., 1998). During early hair follicle
development, Wnt signaling may act upstream of Shh,
controlling mitogenic responses, by modulating GSK3β
activity. However, once the hair follicle anlage is estab-
lished and the developmental program shifts to rapid
downgrowth, cell cycle control becomes increasingly
Shh dependent.
The Drosophila GSK3 homolog Shaggy is required for
proteolytic processing events to generate truncated Ci
repressor form (Jia et al., 2002; Price and Kalderon,
2002). Although the exact mechanisms remain unclear,
Hh signaling has been shown to inhibit this proteolytic
processing of Ci in flies (Aza-Blanc et al., 1997) and Gli3
in mice (Wang et al., 2000a). The effects of Hh signaling
on Ci/Gli processing likely involve both direct and indi-
rect mechanisms. A direct effect of Hh signaling may
involve dissociation of Hh signaling complexes, releas-
ing Ci to a subcellular localization where proteolysis is
inhibited (Robbins et al., 1997). More recently, the
central scaffold molecule (Cos2) of these complexes
has been shown to bridge multiple kinases, including
GSK3, with Ci, regulating its proteolysis in a Hh-depen-
dent manner (Zhang et al., 2005). Given that multiple
GSK3-phosphorylation consensus sites can be found
in all three Gli proteins (Jia et al., 2002; Price and Kal-
deron, 2002), future studies should address whether
similar Hh-responsive regulatory complexes exist in
mammals and if the phosphorylation/activity of GSK3
within these complexes is subject to additional signaling
inputs. Our genetic studies suggest that an additional
level of indirect regulation exists, where Hh responses
through Gli-activator-mediated functions inhibit GSK3β,
acting as a positive feedback loop further preventing
Gli repressor formation.
The relative contribution of Gli activator and repres-
sor functions appears to be developmentally context
dependent. As opposed to limb, whose development is
primarily governed by levels of Gli3 repressor function
(Litingtung et al., 2002; te Welscher et al., 2002), both
Gli activator and repressor functions contribute to pro-
liferative control of follicular epithelium (Mill et al., 2003;
this study). The regionalized and spatially coordinated
morphogenesis of hair follicles likely requires an or-
chestrated Shh-dependent proliferative response in-
volving both suppression of Gli repressor and promo-
tion of Gli activator functions. Our results propose a
novel mechanism, centering around GSK3β inactiva-
tion, promoting this dual regulation of Gli activity. Dur-
ing embryonic hair follicle development, the earlier
Shh-independent phase of GSK3β inactivation would
create a permissive condition for strong Shh signaling
responses to proceed, during which mitogenic control
is under other signaling relays. In late follicles, a subse-
quent shift to Shh-dependent GSK3β inactivation
would then enforce peridodic and robust proliferative
responses through two mechanisms. The first operates
at a transcriptional level by creating a nonpermissive
condition for proteolytic processing of Gli proteins (i.e.,inhibiting Gli repressor formation), resulting in depres-
sion of N-myc and CyclinD2 expression. At the post-
transcriptional level, the accumulation of labile cell cy-
cle regulators ensures robust proliferation is restricted
to regions of highest Hh signal, necessary for periodic
downgrowth. This transcriptional and posttranscrip-
tional control of cell proliferation by Shh-dependent Gli
activities will likely be reiterated in other developmental
systems with Hh-directed spatially coordinated growth.
In conclusion, analyses of various compound Shh
mutants indicate that both Gli activator and repressor
functions play important roles in transcriptional control
of early cell cycle regulators during embryonic hair folli-
cle development. Our results also reveal an additional
level of posttranscriptional proliferative control, where
Shh-dependent Gli activator function promotes protein
accumulation of key mitogenic targets and cell cycle
progression. By showing that inactivation of GSK3β is
Shh dependent in late follicles and that this requirement
is stage dependent, our study uncovers a role for
GSK3β in the crosstalk of Shh and Wnt/β-catenin sig-
naling. Furthermore, our results suggest that GSK3β
may serve as a central signaling hub, allowing for
tightly integrated and spatially controlled proliferative
responses during embryonic hair follicle development.
Experimental Procedures
Mice and Histology
The generation and genotyping of mutant and transgenic mice
were previously described: Gli2 and Gli3 (Mo et al., 1997); Shh
(Chiang et al., 1996); and K5-Cre, Z/AP-Gli2, and Z/AP-DNGli2 (Mill
et al., 2003). Intercrosses of Shh+/−;Gli3+/− animals yielded the fol-
lowing Shh−/−;Gli3−/− mutants (expected numbers in parentheses)
from the number of pups at each embryonic stage: E13.5, 6(3)/53;
E14.5, 12(14)/220; E15.5, 3(4)/67; E16.5, 6(8)/127; E17.5, 3(4)/65;
and E18.5, 8(16)/261. Embryos were fixed overnight in 4% para-
formaldehyde and dehydrated as described (Mo et al., 1997). Quan-
titative histomorphometry was performed according to morpholog-
ical and histological criteria, as previously described (Mill et al.,
2003).
In Situ Hybridization, BrdU, and TUNEL Labeling
In situ hybridization (ISH) on paraffin sections and whole-mount
ISH were performed as described (Mo et al., 1997; Motoyama et
al., 1998). Details of digoxigenin-labeled antisense probes used are
outlined in Supplemental Data. BrdU labeling and apoptosis
studies were carried out on 6 m paraffin sections as described
(Mill et al., 2003).
Western Analysis and Immunohistochemistry
Whole midline dorsal skin was isolated from E18.5 embryos, snap
frozen, and sonicated in a modified RIPA buffer for phosphopro-
teins. Western blot analysis was performed according to standard
protocols. Specificity of antibodies used for immunochemistry was
verified by Western blot analysis, using β-actin (Sigma, AC-15) as
a loading control. Details of the primary antibodies and concentra-
tions used are listed in Supplemental Data. Biotinylated secondary
antibodies (Vector) were followed by either fluorescent streptavidin
(Vector) or ABC Vectastain kit and VIP or NOVAred color substrate
kits (Vector). Staining in mutant skin was analyzed according to
examination of 50 cross-sectioned dorsal follicles in four sections
from four animals of each genotype. Representative images were
selected accordingly to summarize these studies.
Supplemental Data
Supplemental Data include five figures and Supplemental Experi-
mental Procedures and can be found with this article online at
http://www.developmentalcell.com/cgi/content/full/9/2/293/DC1/.
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